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Our visual systems constantly adapt their representation of the environment to match the prevailing input. Adaptation phenom-
ena provide striking examples of perceptual plasticity and oﬀer valuable insight into the mechanisms of sensory coding. Here, we
describe an aftereﬀect of adaptation to a spatially structured image whereby an unstructured test stimulus takes on illusory structure
locally perpendicular to that of the adaptor. Objective measurement of the strength of the aftereﬀect for diﬀerent patterns suggests a
neural locus of adaptation prior to the extraction of complex form in the visual processing hierarchy, probably at the level of pri-
mary visual cortex. This view is supported by further experiments showing that the aftereﬀect exhibits partial interocular transfer
but complete transfer across opposite contrast polarities. However, the aftereﬀect does show weak position invariance, suggesting
that adaptation at higher levels of the visual system may also contribute to the eﬀect.
 2005 Elsevier Ltd. All rights reserved.
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We studied adaptation to spatial image structure
using a stimulus, the Glass pattern (Glass, 1969), whose
perception involves pooling orientation information
across signiﬁcant distances of visual space (Wilson &
Wilkinson, 1998; Wilson, Wilkinson, & Asaad, 1997).
Each Glass pattern consists of a large number of pairs
of dots, and is constructed as follows. One dot in each
pair is positioned randomly within the stimulus accord-
ing to a probability distribution uniform over area. The
second dot of each pair is then positioned at a ﬁxed dis-
tance from its partner in a direction deﬁned by the par-
ticular pattern being generated. For example, if the
direction of displacement is directly away from the cen-
tre of the image then a radial ‘‘sunburst’’ pattern is gen-
erated (Fig. 1A). If the displacement is perpendicular to0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.12.016
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is concentric (Fig. 1B).
The spatial structure in Glass patterns has been
termed static ﬂow (Kovacs & Julesz, 1992) by analogy
with optic ﬂow, the pattern of retinal motion generated
by self-motion. This seems an appropriate analogy be-
cause the static Glass pattern stimulus can be considered
as the superimposition of successive frames of a random
dot kinematogram (although in optic ﬂow stimuli dot
displacement between successive frames typically scales
with eccentricity whereas in Glass patterns the distance
between the two dots in a pair is independent of position
within the pattern). Indeed, it has been argued that the
mechanisms responsive to the complex spatial structure
in Glass patterns are not so much concerned with the
perception of complex form per se but rather with the
analysis of the spatial image structure or ‘‘motion
streaks’’ that result from the temporal integration of
images undergoing global motion (Barlow & Olshausen,
2004).
Fig. 1. Aftereﬀect of adaptation to Glass patterns. (A) Radial and (B) concentric Glass patterns of 100% coherence used as adapting stimuli. (C)
Incoherent (0%) pattern composed of randomly oriented dot dipoles. Illustration of the appearance of the incoherent pattern after adaptation to a
coherent (D) radial or (E) concentric stimulus. Adaptation causes the test to take on the opposite appearance to the adaptor with an apparent
coherence of around 35%.
1356 C.W.G. Cliﬀord, E. Weston / Vision Research 45 (2005) 1355–1363In studies of optic ﬂow perception, it is common to
vary the coherence of stimuli in order to control their
visibility (Newsome & Pare´, 1988). The coherence of a
stimulus is the percentage of elements in the stimulus
conforming to the global pattern. It is straightforward
to extend the idea of varying stimulus coherence to stud-
ies of the perception of static ﬂow in Glass patterns
(Maloney, Mitchison, & Barlow, 1987). Following adap-
tation to a coherently moving dot pattern, a compelling
motion aftereﬀect (MAE) can be observed by testing
with a pattern in which all dots move at the same speed
as the adaptor but in random directions: a dynamic test
stimulus with 0% coherence (Blake & Hiris, 1993; Hiris
& Blake, 1992). The directionally ambiguous test is per-
ceived as drifting in the direction opposite to the adapt-
ing motion. In the spatial domain, the analogous
situation is to adapt to a coherent Glass pattern and
then test with a stimulus composed of randomly ori-
ented dot dipoles of the same intra-dipole dot separation
(Fig. 1C). When this is done, the test stimulus appears to
take on a spatial structure locally perpendicular to that
of the adaptor. For example, adaptation to a radial pat-
tern causes an incoherent test to appear to contain con-
centric structure (Fig. 1D) while adaptation to a
concentric pattern produces a radial aftereﬀect (Fig.
1E). The coherence level of the patterns in Fig. 1D
and E used to illustrated the aftereﬀect (35%) is based
on objective measurements of its magnitude, described
below.
The aftereﬀect can be experienced by viewing the
movie at the following web address: http://www.psych.usyd.edu.au/staﬀ/colinc/HTML/glass_adapt.htm. On each
cycle of the movie, a brief presentation of the same inco-
herent test pattern is presented on either side of the cen-
tral ﬁxation point, followed by several seconds of the
adapting stimuli. The adapting stimuli to the left and
right of ﬁxation are coherent radial and concentric pat-
terns, respectively. This format was chosen for demon-
stration purposes to facilitate comparison of the eﬀects
of adaptation to the two opposite patterns. Over the
course of several cycles, the salience of the adapting pat-
terns decreases while the illusion of structure in the test
stimuli becomes stronger. The same eﬀects are evident
whether the test stimuli are composed of randomly ori-
ented dipoles or of unpaired random dots.
One means of measuring the MAE has been to adapt
observers to a constantly moving dot pattern of 100%
coherence and then present them with moving test stim-
uli at varying levels of coherence (Blake & Hiris, 1993;
Hiris & Blake, 1992). For example, if the adapting stim-
ulus was moving downwards (+100% coherence) then
test stimuli would range from coherent upwards motion
(100% coherence) through random motion (0% coher-
ence) to coherent downwards motion (+100% coher-
ence). Observers would then be required to report
whether the test stimulus appeared to be moving up-
wards or downwards. The stimulus coherence at which
observers were equally likely to respond in either direc-
tion provides a measure of the point of subjective sta-
tionarity: the coherence at which no consistent
direction of motion is seen. The diﬀerence in the point
of subjective stationarity before and after adaptation
C.W.G. Cliﬀord, E. Weston / Vision Research 45 (2005) 1355–1363 1357then serves as a measure of the magnitude of the MAE.
Here, we used an analogous method to investigate the
eﬀects of adaptation to Glass patterns on the subsequent
perception of spatial image structure.2. Methods
A total of six experiments were conducted. Three or
four subjects were tested in each: one or both of the
authors, CC and EW, and one or two volunteer observ-
ers naı¨ve to the purposes of the study. Stimuli were gen-
erated using Matlab software to drive a VSG 2/5
graphics card (Cambridge Research Systems) and dis-
played on a gamma-corrected 2100 Sony Trinitron GM
520 monitor (1024 · 768 resolution; 120 Hz refresh
rate).
Experiment 1 investigated the eﬀects of adaptation to
radial or concentric spatial structure on the subsequent
perception of Glass patterns ranging in coherence from
70% (concentric) through 0% to +70% (radial).
Observers were required to report whether they per-
ceived radial or concentric structure in each test pattern.
In addition to a central ﬁxation marker, each stimulus
consisted of 4000 dots in a circular annulus with outer
and inner diameters of 14.0 and 0.3. Each dot was
0.04 · 0.04 in size, giving a density of 4.2%. Dot pairs
were randomly assigned to be 100% contrast increments
or decrements from the 62.8 cd/m2 background, such
that the two dots in each pair always had the same lumi-
nance. Intra-pair dot spacing was 0.18. False matches
between dots from diﬀerent dipoles create ambiguous
local orientation information, such that even in the
100% coherent Glass patterns there were on average
2.6 dots closer to any given dot than its partner.
The initial adaptation duration was 30 s, with 5 s top-
up adaptation before each subsequent test. The adapting
stimulus was updated with a new random instantiation
of the same pattern of static ﬂow once per second to
avoid adaptation at the retinal level. At rapid rates of
update, Glass patterns give rise to a compelling percept
of motion (Ross, Badcock, & Hayes, 2000). However,
the percept of motion is much weaker with the 1 Hz up-
date rate used here, and updating is not essential to gen-
erate the aftereﬀect of Glass pattern adaptation. The test
stimulus was presented for 500 ms within a raised-cosine
temporal envelope (333 ms at full contrast; 83 ms each
ramping on and oﬀ) following a 833 ms blank screen
at the mean luminance of the stimulus.
Experiment 2 used identical methods except that the
adapting stimuli were translational (vertical or horizon-
tal) Glass patterns and the test patterns varied in coher-
ence between 70% (vertical) and +70% (horizontal).
Experiment 3 measured the interocular transfer of the
aftereﬀect of adaptation to concentric Glass patterns.
The two eyes stimuli were each surrounded by a circularfusion lock in diﬀerent regions of a single monitor and
viewed using a mirror stereoscope. The left eye was
adapted to a concentric Glass pattern while the right
eye saw a uniform ﬁeld at the mean luminance of the
adapting stimulus. Presentation of the test stimulus
was also monocular in either the same or opposite eye.
Due to the limited ﬁeld of view available, the spatial
parameters of the stimuli were chosen to be diﬀerent
from those in the other experiments. Each stimulus con-
sisted of 3000 dots in a circular annulus with outer and
inner diameters of 7.0 and 0.3. Each dot was again
0.04 · 0.04, giving a density of 12.5%. Intra-pair dot
spacing was 0.09. False matches again created ambigu-
ous local orientation information, such that there were
on average 2.0 dots closer to any given dot than its part-
ner in the 100% coherent patterns.
Experiment 4 investigated the polarity speciﬁcity of
Glass pattern adaptation. All dots within any given
stimulus had the same contrast polarity. Each stimulus
consisted of 3000 dots in a circular annulus with outer
and inner diameters of 14.0 and 0.3. Each dot was
0.04 · 0.04 in size, giving a density of 3.1%. Intra-pair
dot spacing was 0.18. Due to false matches, there were
on average 2.0 dots closer to any given dot than its part-
ner in the 100% coherent patterns.
Experiment 5 investigated whether the eﬀect of Glass
pattern adaptation is restricted to the region of the vi-
sual ﬁeld in which the adapting stimulus is presented.
Each stimulus consisted of 1500 dots presented in two
opposite quadrants of a circular annulus with outer
and inner diameters of 14.0 and 0.3. The remaining
two quadrants were a uniform grey at the mean lumi-
nance of the stimulus. Each dot was 0.04 · 0.04 in size,
giving a density of 3.1%. Intra-pair dot spacing was
0.18. Due to false matches, there were on average 2.0
dots closer to any given dot than its partner in the
100% coherent patterns. On separate runs, the concen-
tric adapting stimulus was presented either in the top
and bottom or in the left and right quadrants. The test
stimulus was presented either in the same quadrants
(‘‘concrete’’ condition) or in the two previously blank
quadrants (‘‘phantom’’ condition).
Experiment 6 used identical methods to Experiment 5
except that the stimuli were translational (vertical or
horizontal) Glass patterns.3. Results
Experiment 1 measured the eﬀects of adaptation to
radial and concentric Glass patterns. Fig. 2 shows the
proportion of trials in which the stimulus was reported
as radial rather than concentric for three subjects in
three conditions. The point of subjective incoherence
(PSI) in each condition was taken to be the coherence
value at which the ﬁtted logistic function crossed 50%:
Fig. 2. Proportion of times the test stimulus was perceived as being
radial as opposed to concentric. Data are shown for three observers as
a function of test coherence (negative values denote concentric
structure) for (A) unadapted, (B) adapt radial and (C) adapt concentric
conditions. Adaptation can be seen to shift the psychometric functions
laterally towards the coherence of the adapting stimulus such that an
incoherent test tends to appear structured opposite to the adaptor.
Fig. 3. Objective measures of the aftereﬀect for three observers. Point
of subjective incoherence (PSI) at which responses are at chance level
for (left) complex (right) translational Glass patterns. (Left) Black,
grey and white bars denote adaptation to radial, unadapted, and
adapted to concentric, respectively. (Right) Black, grey and white bars
denote adaptation to horizontal, unadapted, and adapted to vertical.
Fig. 4. Interocular transfer of adaptation to concentric Glass patterns
for four observers. Adaptation was always in the left eye. Black bars
show adapted PSIs, white bars unadapted. Percentage interocular
transfer for each observer is shown in the top right of the respective
panels.
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Experiment 1, the average PSI across three subjects in
the unadapted state was found to be 3.9 ± 1.6%, reveal-
ing a slight bias to see concentric rather than radial
structure (Fig. 2A). This is consistent with a previous re-
port that sensitivity is slightly higher to concentric than
radial Glass patterns (Wilson & Wilkinson, 1998). After
adaptation to radial or concentric structure, judgments
were biased away from the adapting pattern by
34.2 ± 1.8% coherence (Fig. 2B and C). The magnitude
of the shift in PSI between unadapted and adapted con-
ditions is a measure of the strength of the perceptual
aftereﬀect. The PSIs for the three subjects, summarized
in Fig. 3A, provide clear evidence of a negative afteref-
fect of perceived spatial image structure.
In Experiment 2, the same three subjects were tested
with translational Glass patterns. The magnitude of
the aftereﬀect was found to be 29.3 ± 3.9% (Fig. 3B),
similar to that for complex patterns.
Experiment 3 measured the interocular transfer of the
aftereﬀect of adaptation to concentric Glass patterns
(Fig. 4). Four subjects were tested monocularly in each
eye before and after adaptation to a stimulus presented
only in the left eye. The degree of interocular transfer
(IOT) was calculated for each subject as the change in
PSI for right eye testing as a percentage of the change
in PSI for left eye testing:
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Asame  U same  100%
where A and U denote the adapted and unadapted PSI
and the subscript indicates testing in the same (left) or
opposite (right) eye as the adaptor. An IOT of 100%
would signify complete transfer of the aftereﬀect be-
tween eyes, whereas an IOT of 0% would indicate that
the aftereﬀect was entirely monocular. The IOTs for
the four subjects were 22% (EW), 51% (JW), 54%
(CC) and 84% (SR): mean 53%; standard deviation 25%.
Experiment 4 measured the extent to which the after-
eﬀect of adaptation to concentric Glass patterns trans-
fers between dot patterns of opposite contrast polarity
(Fig. 5). The degree of transfer across contrast polarity
(CPT) was calculated for each subject as the change in
PSI for the opposite polarity adapt/test conditions ex-
pressed as a percentage of the change in PSI for the same
polarity adapt/test conditions:
CPT ¼ ðBw  UwÞ þ ðW b  UbÞðW w  UwÞ þ ðBb  UbÞ  100%
where B, W and U denote the adaptation condition
(adaptation to black, adaptation to white, or una-
dapted) and the subscript indicates the contrast polarity
(black or white) of the test pattern. A CPT of 100%
would signify complete transfer of the aftereﬀect across
contrast polarity, whereas a CPT of 0% would indicate
that the aftereﬀect was entirely polarity speciﬁc. TheFig. 5. Transfer across contrast polarity of adaptation to concentric
Glass patterns for three observers. Black, grey and white bars denote
adaptation to black, unadapted, and adaptation to white, respectively.
Percentage transfer across polarity for each observer is shown in the
top right of the respective panels.CPTs for the three subjects were 72% (CC), 84% (EW)
and 123% (CM): mean 93%; standard deviation 27%.
Experiment 5 investigated the extent to which adap-
tation to concentric Glass patterns presented in two
opposite quadrants of a circular aperture transfers to
the remaining two quadrants (Fig. 6). The degree of po-
sition invariance (PI) was calculated for each subject as
the change in PSI for the conditions in which adaptor
and test were presented in diﬀerent locations expressed
as a percentage of the change in PSI for the conditions
in which adaptor and test were presented in the same
location:
PI ¼ ðTBlr  U lrÞ þ ðLRtb  U tbÞðLRlr  U lrÞ þ ðTBtb  U tbÞ  100%
where TB, LR and U denote the adaptation condition
(adaptation in top and bottom quadrants, adaptation
in left and right quadrants, or unadapted) and the sub-
script indicates the location (top and bottom or left and
right) of the test pattern. A PI of 100% would signify
complete transfer of the aftereﬀect across positions,
whereas a CPT of 0% would indicate that the aftereﬀect
was entirely speciﬁc to position. The PIs for the three
subjects were 7% (CC), 22% (EW) and 43% (SD): mean
24%; standard deviation 18%.
Experiment 6 measured the position invariance of
adaptation to vertical Glass patterns for the same three
subjects in an analogous manner. The PIs for the three
subjects were 5% (EW), 18% (CC) and 22% (SD): mean
15%; standard deviation 9%.4. Discussion
We observed that adaptation to Glass patterns gener-
ates an aftereﬀect whereby an unstructured test stimulus
takes on illusory structure locally perpendicular to that
of the adaptor. Where in the visual hierarchy might
the aftereﬀect of Glass pattern adaptation be mediated?
Speciﬁcally, at what level(s) in the visual system is neu-
ronal adaptation occurring? It has previously been
shown that the coherence necessary for detection of
complex (radial or concentric) Glass patterns is lower
than that for translational (horizontal or vertical) pat-
terns, demonstrating the existence of complex form
detectors in human vision (Wilson & Wilkinson, 1998,
2003; Wilson et al., 1997; although see Dakin & Bex,
2002, 2003). Wilson et al. (1997) proposed a ﬁlter-rec-
tify-ﬁlter model of the neural extraction of global form
from Glass patterns. An initial stage of oriented linear
ﬁltering identiﬁed with local processing in V1 is followed
by full-wave rectiﬁcation prior to a second stage of ﬁlter-
ing. The responses of these second stages ﬁlters are then
pooled spatially at a level identiﬁed with processing in
area V4. The stages of local and global processing in
Fig. 6. Position invariance of adaptation to (left) concentric (right) vertical Glass patterns for three observers. Black, grey and white bars denote
adaptation in top and bottom quadrants, unadapted, and adaptation in left and right quadrants, respectively. Percentage transfer across position for
each observer is shown in the top right of the respective panels.
Fig. 7. Schematic representation of the stages of local and global
processing in the extraction of concentric and radial Glass patterns
according to the model of Wilson et al. (1997). The aftereﬀect of
adaptation to Glass patterns could in principle be mediated by
neuronal adaptation at either or both of the local and global
processing stages. Bold arrows indicate possible inhibitory interactions
between oppositely tuned detectors within a given level of processing.
One possible mechanism underlying the aftereﬀect of adaptation to
Glass patterns is release from inhibition. Under such a mechanism,
adaptation of neurons tuned to the adapting stimulus structure would
reduce inhibition to neurons representing the opposite spatial struc-
ture. An unstructured test stimulus would then be perceived as
containing spatial structure locally perpendicular to that of the
adaptor.
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are illustrated schematically in Fig. 7.
Only two previous studies have employed adaptation
to Glass patterns. In the ﬁrst, De Valois and Switkes
(1980) investigated the eﬀect on contrast detection
thresholds for grating stimuli rather than testing with
spatially structured suprathreshold stimuli and thus
found only an orientation-dependent elevation in
thresholds similar to that found following grating adap-
tation (Gilinsky, 1968), consistent with adaptation at an
early stage of local oriented ﬁltering. More recently,
McGraw, Badcock, and Khuu (2004) reported the qual-
itative observation that steady viewing of a Glass pat-
tern results in dissipation of the perceived structure.
They suggested that this eﬀect was due to adaptation
at the level of global integration mechanisms.
In the motion domain, adaptation to complex optic
ﬂow patterns produces stronger aftereﬀects than adapta-
tion to translational motion (Bex, Metha, & Makous,
1999) consistent with the involvement of neurons selec-
tive for complex patterns of motion (Morrone, Burr,
& Vaina, 1995; Saito et al., 1986). We ﬁnd that, as in
the motion domain, the aftereﬀect of adaptation to com-
plex Glass patterns appears subjectively more compel-
ling than with translational patterns. This apparent
diﬀerence in strength is consistent with mediation by
neuronal adaptation at the level of complex form detec-
tion rather than at the level of local orientation coding.
In this case, an objective measure of aftereﬀect strength
in terms of stimulus coherence should show a stronger
eﬀect for complex than translational patterns.
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were mediated by neuronal adaptation early in the vi-
sual hierarchy, prior to the spatial pooling of local ori-
entation signals, then its subjective strength might
simply reﬂect the sensitivity of global mechanisms subse-
quent to the site of adaptation. Thus, it could be that the
subjectively weaker aftereﬀect for translational Glass
patterns is due to lower sensitivity for translational than
complex structure, rather than to weaker adaptation. In
this case, an objective measure of aftereﬀect strength in
terms of stimulus coherence would reﬂect the properties
of the early orientation-selective mechanisms rather
than depending on the global form of the pattern, so
no diﬀerence should be evident between the objective
strengths of adaptation to complex and translational
Glass patterns.
Indeed, when the magnitude of the aftereﬀect to
translational Glass patterns was quantiﬁed in terms of
coherence (Experiment 2) it was found to be similar to
that for complex patterns (Experiment 1): translational
29.3 ± 3.9%; complex 34.2 ± 1.8%. That this objective
measure of aftereﬀect magnitude is independent of the
global pattern rather than reﬂecting the greater sensitiv-
ity of the human visual system to complex than transla-
tional Glass patterns (Wilson & Wilkinson, 1998)
suggests that the aftereﬀect is mediated by neuronal
adaptation prior to the spatial pooling of local orienta-
tion information by global form detectors.
If the aftereﬀect is indeed underpinned by neuronal
adaptation at the level of local rather than global pro-
cessing then certain predictions can be made that are
testable psychophysically in terms of the interocular
transfer, contrast polarity speciﬁcity and position invari-
ance of Glass pattern adaptation. Physiological evidence
suggests that the local orientation information between
dots within a pair is ﬁrst processed in V1 (Smith, Bair,
& Movshon, 2002), while selectivity for more complex,
global patterns does not emerge until extrastriate re-
gions (V2: Hegde´ & Van Essen, 2000, 2003; V4: Gallant,
Braun, & Van Essen, 1993; Gallant, Shoup, & Mazer,
2000). V1 contains neurons with a range of ocular dom-
inance properties, from purely monocular to completely
binocular, while extrastriate regions are almost entirely
binocular (Hubel & Wiesel, 1962). Consequently, when
adapting and test stimuli are each presented monocu-
larly to opposite eyes, aftereﬀects mediated by neuronal
adaptation in V1 should show only partial interocular
transfer while aftereﬀects with higher-level substrates
would be expected to transfer completely (Blake, Over-
ton, & Lema-Stern, 1981). Indeed, the repulsive tilt
aftereﬀect, which has been argued to be mediated by lar-
gely neuronal adaptation in V1 (e.g. Wenderoth & John-
stone, 1987), shows interocular transfer of around 50%
(Paradiso, Shimojo, & Nakayama, 1989). Conversely,
adaptation to complex motion shows almost total inter-
ocular transfer (Steiner, Blake, & Rose, 1994), consistentwith the observation that neurons selective for complex
patterns of motion are not found prior to the extrastri-
ate MT/MST complex in the motion processing hierar-
chy (Saito et al., 1986).
Here, in Experiment 3, we found that the aftereﬀect
of Glass pattern adaptation transfers partially between
the eyes (mean of four subjects 53%, range 22–84%). De-
spite clear inter-subject variability, this range of values is
remarkably similar to that reported for interocular
transfer of the repulsive tilt aftereﬀect (Paradiso et al.,
1989: mean of three subjects 46%, range 23–82%). Such
partial interocular transfer has been argued to be char-
acteristic of neuronal adaptation at the level of V1
(Moulden, 1980), though involvement of higher visual
areas cannot be excluded.
In Experiment 4 we investigated the extent to which
the aftereﬀect of Glass pattern adaptation transfers be-
tween adapting and test patterns of opposite polarities.
Previous studies have found that the tilt aftereﬀect
exhibits complete transfer across contrast polarity
(Magnussen & Kurtenbach, 1979; OShea, Wilson, &
Duckett, 1993). Thus, if adaptation to Glass patterns
were mediated at the level of local oriented ﬁltering of
the visual image as might be occurring in area V1 then
this aftereﬀect would also be expected to show complete
interocular transfer.
At the level of complex form detection, simultaneous
masking studies have shown that randomly oriented dot
pairs of one contrast polarity do not interfere with the
detection of a Glass pattern if it is of the other polarity
(Badcock, Cliﬀord, & Khuu, 2005; Wilson, Switkes, &
De Valois, 2004) suggesting that the visual system con-
tains global form detectors sensitive to contrast polarity.
These recent studies are inconsistent with the idea that
full-wave rectiﬁcation precedes global pooling in Glass
pattern detection (Wilson et al., 1997). However, they
do support the notion of an intermediate role for con-
centric form detectors in the perception of faces (Rents-
chler, Treutwein, & Landis, 1994) since our perception
of faces is known to be strongly impaired by contrast
reversal (Galper, 1970). If global form detectors are in-
deed selective for contrast polarity then neuronal adap-
tation at this stage of processing should not transfer
across contrast polarities.
The results of Experiment 4 show that the aftereﬀect
transfers almost completely across contrast polarities.
Expressed as a percentage of the aftereﬀect magnitude
for same polarity adaptor and test, the strength of the
cross-polarity eﬀect was 93% (mean for three subjects;
standard deviation 27%). Thus, the results of Experi-
ment 4 are again consistent with neuronal adaptation
at the level of V1.
A further qualitative observation also supports the
idea that adaptation is occurring at an early level of pro-
cessing in the visual hierarchy. The reader will observe
from the demonstration movie that the strength of the
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up slowly over the course of several 5-s presentations
of the adapting stimulus. Even in 100% coherent Glass
patterns, false matches between dots from diﬀerent di-
poles create ambiguous local orientation information
and pooling of information from a wide area of the stim-
ulus is required to extract the global form (Wilson &
Wilkinson, 1998; Wilson et al., 1997). Given that the
receptive ﬁelds of orientation-selective neurons in pri-
mary visual cortex (V1) sample only a small region of
the stimulus, it is perhaps not surprising that even V1
neurons strongly selective for the orientation of grating
stimuli show only weak selectivity for the spatial struc-
ture contained in Glass patterns (Smith et al., 2002).
While V1 neurons adapt rapidly to oriented gratings
(Mu¨ller, Metha, Krauskopf, & Lennie, 1999), they
might be expected to adapt more slowly when stimu-
lated only weakly by the ambiguous orientation infor-
mation present locally in Glass patterns. Thus, the
slow build-up of adaptation to Glass patterns again
seems consistent with mediation prior to the spatial
pooling of local orientation signals.
The previous experiments have provided evidence
that the aftereﬀect of adaptation to Glass patterns in-
volves neuronal adaptation at an early stage of process-
ing prior to the extraction of global form. However, they
do not necessarily rule out an additional contribution
from neuronal adaptation of global form detectors. In
Experiments 5 and 6 we actively sought evidence for
neuronal adaptation at this later stage of processing.
Neurons in V1 sensitive to local image structure are
known to have small, well-localized receptive ﬁelds
(Hubel & Wiesel, 1962). As we proceed up the visual
hierarchy, not only does the complexity of the properties
to which neurons are tuned increase, so too does the size
of their receptive ﬁelds (Desimone & Schein, 1987). Bor-
rowing from a previous study of ‘‘phantom’’ aftereﬀects
in global motion processing (Snowden & Milne, 1997),
we reasoned that to isolate the eﬀects of neuronal adap-
tation at the level of global form we could present adapt-
ing and test stimuli to non-overlapping regions of the
visual ﬁeld. At the level of V1, the test stimulus would
not impinge upon the receptive ﬁelds of the adapted
neurons, so any aftereﬀect observed would not be attrib-
utable to neuronal adaptation at that level. However,
the adapting and test stimuli should both fall within
the larger receptive ﬁelds of global form detectors later
in the processing hierarchy. Thus, neuronal adaptation
at the level of global form detection would be expected
to aﬀect the processing and hence the perception of
the test stimulus.
In Experiment 5 we found that adaptation to two
quadrants of concentric Glass patterns generated
‘‘phantom’’ aftereﬀects in the other two quadrants that
were on average 24% of the corresponding ‘‘concrete’’
aftereﬀects obtained by adapting and testing in the sametwo quadrants. This degree of position invariance was
somewhat lower than the average of 37% found by
Snowden and Milne (1997) for adaptation to complex
motion, but it does indicate at least some adaptation be-
yond the level of local orientation detection. Small
phantom aftereﬀects averaging 15% were also found in
Experiment 6 after adapting to vertical Glass patterns,
again rather lower than the average of 55% for adapta-
tion to translational motion reported by Snowden and
Milne (1997). The existence of albeit quite weak phan-
tom aftereﬀects for Glass patterns indicates that they
cannot be explained entirely on the basis of adaptation
at the stage of local oriented ﬁltering by V1 neurons.
However, it is not clear from our results whether adap-
tation at the level of global form processing proper is in-
volved or simply adaptation at an intermediate level of
processing by neurons with receptive ﬁelds large enough
to sample both adapting and test regions.5. Conclusion
We have reported what we believe to be a novel
aftereﬀect of adaptation to Glass patterns. Adaptation
causes an unstructured test stimulus to appear to take
on illusory structure locally perpendicular in orienta-
tion to that of the adaptor. Several lines of evidence
indicate that this eﬀect is mediated predominantly at
the level of local oriented ﬁltering of the image, as
thought to be carried out by neurons located in pri-
mary visual cortex. Firstly, the objectively measured
magnitude of the aftereﬀect appears essentially inde-
pendent of the global structure of the adaptor. Sec-
ondly, the aftereﬀect transfers only partially between
the two eyes. Thirdly, the aftereﬀect transfers almost
completely across contrast polarities. However, the
generation of small but systematic ‘‘phantom’’ afteref-
fects in unadapted regions of the visual ﬁeld indicates
that adaptation is also occurring at a more global
level of form analysis, presumably involving neurons
in extrastriate visual areas. Thus, it appears that the
aftereﬀect of adaptation to Glass patterns is mediated
by neuronal adaptation at multiple levels of the corti-
cal visual processing hierarchy.Acknowledgments
The work was supported by a Queen Elizabeth II
Fellowship and Discovery Project Grant to CC from
the Australian Research Council. We are grateful to
Branka Spehar, Julie Harris and Zoe Kourtzi for con-
structive comments on a draft version of this manu-
script and to David Burr for a brief but helpful
discussion.
C.W.G. Cliﬀord, E. Weston / Vision Research 45 (2005) 1355–1363 1363References
Badcock, D. R., Cliﬀord, C. W. G., & Khuu, S. K. (2005). Interactions
between luminance and contrast signals in global form detection.
Vision Research, 45, 881–889.
Barlow, H. B., & Olshausen, B. A. (2004). Convergent evidence for the
visual analysis of optic ﬂow through anisotropic attenuation of
high spatial frequencies. Journal of Vision, 4, 415–426.
Bex, P. J., Metha, A. B., & Makous, W. (1999). Enhanced motion
aftereﬀect for complex motions. Vision Research, 39, 2229–2238.
Blake, R., & Hiris, E. (1993). Another means for measuring the motion
aftereﬀect. Vision Research, 33, 1589–1592.
Blake, R., Overton, R., & Lema-Stern, S. (1981). Interocular transfer
of visual aftereﬀects. Journal of Experimental Psychology: Human
Perception and Performance, 7, 367–381.
Dakin, S. C., & Bex, P. J. (2002). Summation of concentric orientation
structure: Seeing the Glass or the window? Vision Research, 42,
2013–2020.
Dakin, S. C., & Bex, P. J. (2003). Response to Wilson & Wilkinson:
Evidence for global processing but no evidence for specialised
detectors in the visual processing of Glass patterns. Vision
Research, 43, 565–566.
Desimone, R., & Schein, S. J. (1987). Visual properties of neurons in
area V4 of the macaque: Sensitivity to stimulus form. Journal of
Neurophysiology, 57, 835–868.
De Valois, K. K., & Switkes, E. (1980). Spatial frequency speciﬁc
interaction of dot patterns and gratings. Proceedings of the
National Academy of Sciences USA, 77, 662–665.
Gallant, J. L., Braun, J., & Van Essen, D. C. (1993). Selectivity for
polar, hyperbolic, and Cartesian gratings in macaque visual cortex.
Science, 259, 100–103.
Gallant, J. L., Shoup, R. E., & Mazer, J. A. (2000). A human
extrastriate area functionally homologous to macaque V4. Neuron,
27, 227–235.
Galper, R. E. (1970). Recognition of faces in photographic negative.
Psychonomic Science, 19, 207–208.
Gilinsky, A. (1968). Orientation-speciﬁc eﬀects of patterns of adapting
light on visual acuity. Journal of the Optical Society of America, 58,
13–18.
Glass, L. (1969). Moire´ eﬀect from random dots. Nature, 223, 578–580.
Hegde´, J., & Van Essen, D. C. (2000). Selectivity for complex
shapes in primate visual area V2. Journal of Neuroscience, 20,
RC61.
Hegde´, J., & Van Essen, D. C. (2003). Strategies of shape
representation in macaque visual area V2. Visual Neuroscience,
20, 313–328.
Hiris, E., & Blake, R. (1992). Another perspective on the visual motion
aftereﬀect. Proceedings of the National Academy of Sciences USA,
89, 9025–9028.
Hubel, D. H., & Wiesel, T. N. (1962). Receptive ﬁelds, binocular
interaction and functional architecture in the cats visual cortex.
Journal of Physiology, 160, 106–154.
Kovacs, I., & Julesz, B. (1992). Depth, motion, and static-ﬂow
perception at metaisoluminant color contrast. Proceedings of the
National Academy of Sciences USA, 89, 10390–10394.
Magnussen, S., & Kurtenbach, W. (1979). A test for contrast-polarity
selectivity in the tilt aftereﬀect. Perception, 8, 523–528.Maloney, R. K., Mitchison, G. J., & Barlow, H. B. (1987). Limit to the
detection of Glass patterns in the presence of noise. Journal of the
Optical Society of America A, 4, 2336–2341.
McGraw, P. V., Badcock, D. R., & Khuu, S. (2004). Steady viewing
dissipates global structure. Perception, 33, 121–125.
Morrone, M. C., Burr, D. C., & Vaina, L. M. (1995). Two stages of
visual processing for radial and circular motion. Nature, 376,
507–509.
Moulden, B. (1980). After-eﬀects and the integration of patterns of
neural activity within a channel. Philosophical Transactions of the
Royal Society of London B, 290, 39–55.
Mu¨ller, J. R., Metha, A. B., Krauskopf, J., & Lennie, P. (1999). Rapid
adaptation in visual cortex to the structure of images. Science, 285,
1405–1408.
Newsome, W. T., & Pare´, E. B. (1988). A selective impairment of
motion perception following lesions of the middle temporal visual
area (MT). Journal of Neuroscience, 8, 2201–2211.
OShea, R. P., Wilson, R. G., & Duckett, A. (1993). The eﬀects of
contrast reversal on the direct, indirect, and interocularly-trans-
ferred tilt aftereﬀect. New Zealand Journal of Psychology, 22,
94–100.
Paradiso, M. A., Shimojo, S., & Nakayama, K. (1989). Subjective
contours, tilt aftereﬀects, and visual cortical organization. Vision
Research, 29, 1205–1213.
Rentschler, I., Treutwein, B., & Landis, T. (1994). Dissociation of local
and global processing in visual agnosia. Vision Research, 34,
963–971.
Ross, J., Badcock, D. R., & Hayes, A. (2000). Coherent global motion
in the absence of coherent velocity signals. Current Biology, 10,
679–682.
Saito, H., Yukie, M., Tanaka, K., Hikosaka, K., Fukada, Y., & Iwai,
E. (1986). Integration of direction signals of image motion in the
superior temporal sulcus of the macaque monkey. Journal of
Neuroscience, 6, 145–157.
Smith, M. A., Bair, W., & Movshon, J. A. (2002). Signals in macaque
striate cortical neurons that support the perception of Glass
patterns. Journal of Neuroscience, 22, 8334–8345.
Snowden, R. J., & Milne, A. B. (1997). Phantom motion aftereﬀects—
evidence of detectors for the analysis of optic ﬂow. Current Biology,
7, 717–722.
Steiner, V., Blake, R., & Rose, D. (1994). Interocular transfer of
expansion, rotation and translation motion aftereﬀects. Perception,
23, 1197–1202.
Wenderoth, P., & Johnstone, S. (1987). Possible neural substrates for
orientation analysis and perception. Perception, 16, 693–709.
Wilson, H. R., & Wilkinson, F. (1998). Detection of global structure in
Glass patterns: Implications for form vision. Vision Research, 38,
2933–2947.
Wilson, H. R., & Wilkinson, F. (2003). Further evidence for global
orientation processing in circular Glass patterns. Vision Research,
43, 563–564.
Wilson, H. R., Wilkinson, F., & Asaad, W. (1997). Concentric
orientation summation in human form vision. Vision Research, 37,
2325–2330.
Wilson, J. A., Switkes, E., & De Valois, R. L. (2004). Glass pattern
studies of local and global processing of contrast variations. Vision
Research, 44, 2629–2641.
